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Abstract 
This paper investigates an engineering approach using numerical analysis on a new constitutive model of the 
competitive swimwear. First, an anisotropic hyperelastic model was proposed. It reproduces the mechanical 
characteristics and its material modulus are estimated by the biaxial loading test.  From this biaxial loading test, the 
fabrics for competitive swimwear have shown nonlinear elasticity which is regarded as hyperelasticity like rubber. In 
addition, they also have shown anisotropic characteristic which is dependent on the directions of warp and weft yarn. 
An anisotropic model is represented by the power series of invariants of stretch and shear deformation in each yarn. 
In order to verify the reproducibility, the material parameters of the proposed model were determined by nonlinear 
least squares approximation and the theoretical value was introduced. Second, from the cyclic loading test results, the 
materials have shown the viscosity and stress-softening effect. We proposed softening model for cyclic deformation. 
© 2012 Published by Elsevier Ltd. 
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1. Introduction 
The purpose of this paper is an establishment of an engineering approach using numerical analysis on a 
new constitutive model of the competitive swimwear. Effective design of swimwear considering 
mechanical characterics would be an advantage in swimming competitions. In this study, the biaxial 
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loading tests and the cyclic uniaxial loading tests were conducted to evaluate mechanical properties of 
fabrics for competitive swimwear. From this biaxial loading test, the fabrics show nonlinear elasticity 
which is regard as hyperelasticity like rubber. They also show an anisotropic mechanical characteristic 
which depend on the direction of warp and weft yarn[1][2]. Therefore, we proposed anisotropic material 
model to reproduce the properties of swimwear materials accurately. The strain energy function of 
anisotropic model was represented by power series on the invariants of stretch and shear deformation. 
The materials have the viscosity and stress-softening effect from the cyclic loading test results. We 
focused on softening effect dependent on maximums stretch recorded while loading [3]. A softening 
model using a simple stress ration on each yarn direction was proposed additionally.  
2. Anisotropic modeling 
2.1.  Hyperelastic anisotropic model 
The second Piola-Kirchhoff stress S of hyperelasticity is given by the partial differentiation of strain 
energy function )(W C with respect to the right Cauchy-Green deformation tensorC as follows: 
C
CS
w
w )(W2   (1) 
Where, the right Cauchy-Green deformation tensor C is calculated by 
FFC  t   (2) 
The F is the deformation gradient tensor and t)( ? means the transpose of tensor. A hyperelastic body 
is characterized by the strain energy function )(W C . In the case of anisotropic material behavior, the 
following structural tensor )1(M and )2(M were applied. 
)2()2()2()1()1()1( , nnMnnM     (3)
where )1(n and )2(n  are the unit vectors which are oriented parallel to each fibers. In this study, 
)1(n shows warp direction and )2(n shows weft direction. )(W C is represented in dependence of the three 
principal invariants of C
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where 4I and 5I are the anisotropic invariants and correspond to the second power of each fiber length.  
)(
1
aK is other invariants to satisfy the polyconvex condition which is required for robustly iteration of 
numerical simulation[1]. 
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In this study, the strain energy function of anisotropic hyperelastic body was represented as total strain 
energy of the isotropic part isoW and anisotropic part aniW .
)(W),(WW )( CMC iso
a
ani    (7) 
where 1I and 2I are the first and second invariants of the volume preserve right Cauchy-Green 
deformation tensor C
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Following Mooney-Rivlin model was introduced to the isotropic part isoW .
)1()3()3()(W 2211  JpIcIciso C   (9) 
where 1c and 2c are material parameter and p is hydrostatic pressure, respectively. J is calculated 
as )det(F J . For the anisotropic part, following functions were introduced [2].
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The relationship between nominal stress and nominal stretch is calculated theoretically using equation 
(9) and (10). 
2.2. Biaxial loading test 
Biaxial tensile tests were conducted to evaluate the mechanical property of the swimwear fabrics. The 
fabrics specimens were 50mm square and 0.2mm in thick (in Fig 1(a)). The angle of directions between 
the warp yarn and tensile deformation was defined as the fiber orientation angle ș in order to consider the 
anisotropic characteristics. The test specimens, the fiber orientation angle ș of which were 
0°,15°,30°,45°,60°,75°,and 90° were applied to the biaxial loading tests. The velocity of tensile 
deformation was 1mm/sec and the vertical direction was fixed (in Fig 1(b)).  
Nominal stress ı in tensile direction is calculated by 
A
fı    (11) 
here, f is tensile load and A  is initial cross-sectional area of specimen. 
703 Takeya Nagaoka et al. /  Procedia Engineering  34 ( 2012 )  700 – 705 
Fig. 1. (a) Specimen of biaxial loading test; (b) Loading system of biaxial loading test 
2.3. Identification material parameters 
Fig 2 and Fig 3 show biaxial loading test and identification of material parameters results (each nominal 
stretch shows stretch of tensile direction). From Fig 2, calculated relationship between nominal stress and 
stretch shows good agreement with biaxial loading tests without ș=30°, 45°. The calculated stresses on 
ș=30°, 45° were separately smaller than experimental results for large deform region. From Fig 3, the 
theoretical calculations are in a good agreement with experimental data.  
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Fig. 2. Comparison of biaxial loading test and theoretical calculation (tensile direction) (a) Fiber orientation angle ș 
=0°,45°,90° ; (b) Fiber orientation angle ș =15°,30°,60°,75°
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Fig. 3. Comparison of biaxial loading test and theoretical calculation (vertical direction) (a) Fiber orientation angle 
ș=0°,45°,90° ; (b) Fiber orientation angle ș =15°,30°,60°,75° 
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3. Cyclic loading test and softening model 
3.1. Cyclic loading test   
Cyclic loading tests were conducted to evaluate the mechanical characteristics under the cyclic 
deformation. The specimens are 120mm in length, 30mm in width and 0.2mm in thick (in Fig 4 (a)). The 
both ends of the specimen were fixed to the uniaxial loading machine (in Fig 4 (b)). For cyclic loading 
tests, we applied the specimens, the fiber orientation angle ș of which were 0°, 45° and 90°. The 
maximum tensile displacements are 168mm, 180mm, 192mm, 204mm and 216mm which are 
corresponded to the stretch of 1.4, 1.5, 1.6 and 1.8. Five cyclic deformation, speed of which was 1mm/sec 
were applied to the specimens. 
In these tests, small viscous effect was also observed. However, we focused on softening effect 
because it was more affected by cyclic deformations.  
 
 
 
     
           
Fig. 4. (a) Specimen of cyclic loading test; (b) Fixture and specimen of cycling loading test 
3.2. Softening model 
The mechanical characteristics of fabrics shows the effect of maximum stretch recorded while 
deformation [3]. Therefore, the materials lose the stiffness depending on the maximum stretch. We 
assumed to the softening model as follow: 
C
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where, 0, 21 tDD  are material parameters. )( max
)1(
4ID and )( max
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where, 0,,,,, 211122211211 tJJKKKK are material parameters. max
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Fig 5 show cyclic loading test results and identification result of material parameters. The theoretical 
calculations are in a good agreement with experimental data. 
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Fig. 5. Comparison of cyclic loading test and theoretical calculation 
4. Conclusion  
In order to establish an engineering approach using numerical analysis on a new constitutive model of 
the competitive swimwear, a hyperelastic anisotropic model and the softening model through the biaxial 
loading test and the cyclic loading tests were proposed. From the biaxial loading test, the fabrics used for 
competitive swimwear showed nonlinear elasticity and anisotropy. The proposed hyperelastic anisotropic 
model is represented by power series of invariants of stretch and shear deformation in each fiber. The 
applicability of the proposed method was verified by the comparison of biaxial loading results and 
theoretical calculations. From the cyclic loading test, a softening model of swimwear fabric was proposed. 
The theoretical calculations are in a good agreement with experimental data.  
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